Introduction {#s1}
============

Homologous recombination (HR) is fundamental for the repair of DNA double-strand breaks (DSBs). It is also involved in the error-free fill-in of single-strand gaps generated by replication fork stalling or incomplete DNA repair. Defects in HR are associated with many cancers, both hereditary and sporadic [@pgen.1003833-Cerbinskaite1], which underlines the essential nature of this process. The mechanisms and proteins involved in HR have been well conserved throughout evolution and much of our knowledge on HR comes from studies conducted with the yeast *Saccharomyces cerevisiae* (*S. cerevisiae*) (reviewed in [@pgen.1003833-Pques1], [@pgen.1003833-Krogh1]). HR involves the interaction of a 3′-single stranded DNA (ssDNA) end with a homologous double-strand DNA (dsDNA) molecule, which is used as a template for DNA synthesis. In eukaryotes, the recombinase Rad51 forms a nucleoprotein filament on the ssDNA which undergoes synapsis and strand invasion of the homologous duplex DNA to form a stable D-loop (reviewed in [@pgen.1003833-SanFilippo1]). However, the presence of replication protein A (RPA) previously bound to ssDNA prevents Rad51-mediated strand exchange *in vitro*. This inhibition is overcome by the addition of Rad52 or the Rad55-Rad57 heterodimer (the Rad51 paralogs of *S. cerevisiae*), defining these proteins as Rad51 filament mediators (reviewed in [@pgen.1003833-SanFilippo1]).

Rad52 exhibits the greatest Rad51 filament mediator activity in *S. cerevisiae*. Via its interaction with both RPA and Rad51, it stimulates the removal of RPA and recruits Rad51 to DNA (reviewed in [@pgen.1003833-SanFilippo1]). This mediator function is highlighted by the severe phenotypes caused by null mutations of the *RAD52* gene: γ-ray sensitivity and highly reduced levels of both mitotic and meiotic HR (reviewed in [@pgen.1003833-Krogh1]). The Rad52 protein also has the capacity to anneal homologous ssDNA *in vitro* [@pgen.1003833-Mortensen1]. This activity is involved in Rad51-independent single-strand annealing (SSA) [@pgen.1003833-Sugawara1] and possibly in the capture of the second end of a DSB to generate double Holliday junction (dHJ) intermediates [@pgen.1003833-Wu1]--[@pgen.1003833-Shi1].

The *S. cerevisiae* Rad52 protein is subject to post-translational modifications but it is unclear how these modulate Rad52 activities. Rad52 is constitutively phosphorylated throughout the cell cycle on some serine and/or threonine residues and additional phosphorylations are induced specifically in S phase [@pgen.1003833-AntunezdeMayolo1]. The phosphorylated residues have not yet been identified. Rad52 also undergoes sumoylation at lysines 10, 11 and 220 after exposure to DNA-damaging agents that induce DSBs. This modification depends on the SUMO-conjugating enzyme Ubc9 and on the SUMO-ligase Siz2 [@pgen.1003833-Sacher1]. ssDNA accumulation is necessary for sumoylation of Rad52 [@pgen.1003833-Sacher1], [@pgen.1003833-Altmannova1]. It has been reported that loss of Rad52 sumoylation decreases protein stability without significantly affecting HR levels or recruitment of Rad52 to DNA damage [@pgen.1003833-Sacher1], [@pgen.1003833-Ohuchi1]. Sumoylation appears to facilitate the exclusion of Rad52 recombination foci from the nucleolus to maintain a low level of recombinational repair at the ribosomal gene locus [@pgen.1003833-TorresRosell1]. Recently, it was shown that Rad52, RPA and Rad59 are modified by a sumoylation wave leading to simultaneous multisite modification. Catalyzed by a DNA-bound SUMO ligase, this wave stabilizes physical interactions between the proteins [@pgen.1003833-Psakhye1]. However, Rad52 sumoylation might also restrict Rad51 filament formation through the SUMO-targeted Cdc48 segregase that can curb Rad52-Rad51 physical interaction and displace these proteins from DNA [@pgen.1003833-Bergink1]. How exactly phosphorylation and sumoylation of Rad52 affect Rad51 filament formation remains to be determined.

Contrasting with its primordial role in DNA repair, HR may lead to potentially lethal intermediates. This was first revealed by the study of the Srs2 helicase, a major actor in the avoidance of such intermediates (reviewed in [@pgen.1003833-Symington1]). UV sensitivity of *srs2*Δ cells is suppressed by the ablation of the Rad51 protein [@pgen.1003833-Aboussekhra1], which suggests that Srs2 is required for the elimination of toxic UV-induced recombination structures. Furthermore, it was shown that leaky alleles of *RAD51* or *RAD52*, which form abortive recombination intermediates, trigger Srs2 activity [@pgen.1003833-Chanet1], [@pgen.1003833-Milne1]. Finally, negative interactions between *srs2*Δ and genes involved in DNA replication or recombination, such as *sgs1*Δ, *rad54*Δ or *mrc1*Δ, are rescued by mutations preventing or altering HR (*rad51*Δ, *rad52*Δ, *rad55*Δ and *rad57*Δ) [@pgen.1003833-Gangloff1]--[@pgen.1003833-Xu1]. Thus, it was concluded that ablation of these genes can also induce the formation of lethal recombination intermediates normally eliminated by Srs2.

All these studies indicate that a key role of Srs2 is to avoid the formation of lethal structures induced by HR. Several studies point out that Rad51 filaments on ssDNA could be the lethal structures eliminated by Srs2. First, *in vitro* experiments show that Srs2 can disrupt Rad51 filaments thanks to its translocase activity [@pgen.1003833-Veaute1], [@pgen.1003833-Krejci1]. Second, *srs2*Δ strains show a three- to four-fold increase in the number of budded cells that contain a Rad51 or Rad54 focus compared with wild-type (WT) cells [@pgen.1003833-Burgess1]. Finally, it has also been reported that some of the *srs2*Δ phenotypes, like the co-lethality with *rad54*Δ or the high sensitivity to a persistent DSB, depend at least partially on the DNA damage checkpoint [@pgen.1003833-Klein1], [@pgen.1003833-Vaze1]. Unproductive Rad51 filaments could induce this persistent checkpoint response.

Srs2 is also necessary to complete DSB repair by HR in haploid cells, when the homologous sequence is located on another chromosome. In this context, the low viability of *srs2*Δ cells is associated with a strong increase in the level of crossing-over (CO) associated with gene conversion [@pgen.1003833-Ira1], [@pgen.1003833-Robert1]. This suggests that Srs2 avoids the formation of CO by promoting synthesis-dependent strand annealing [@pgen.1003833-Dupaigne1]. This is supported by recent *in vivo* work showing that Srs2 promotes the formation of non-crossing over products mostly through its helicase activity [@pgen.1003833-Mitchel1], possibly by dismantling nicked HJs. Additionally, the increased sensitivity to UV and γ-ray irradiation of *srs2*Δ homozygous diploid cells compared with haploids was proposed to be related to the resolution of specific interactions between homologous chromosomes, probably related to HR [@pgen.1003833-Aboussekhra2]. Altogether, these data suggest that lethal recombination structures eliminated by Srs2 could also be intertwined recombination intermediates.

To gain insight into the nature of lethal recombination intermediates eliminated by Srs2, we searched for mutants that suppress the sensitivity of *srs2*Δ cells to the radiomimetic DNA alkylating agent methyl methanesulfonate (MMS). This screen was designed to select against mutations in genes that are essential for HR because they generally confer high sensitivity to this drug. Yet we found an allele of *RAD52* (*rad52-L264P*) that can completely suppress sensitivity to MMS in *srs2*Δ cells. Our extensive analysis indicates that *rad52-L264P* suppresses defects in *srs2*Δ cells associated with presynaptic Rad51 filaments rather than with the resolution of recombination intermediates. This suppression is related to a modulation of Rad52 mediator activity. We also show that, like *rad52-L264P*, Rad52 sumoylation leads to the suppression of *srs2*Δ cells defects, suggesting that sumoylation modulates Rad52 mediator activity.

Results {#s2}
=======

A novel allele of *RAD52* bypasses the requirement of *SRS2* for resistance to DNA damage {#s2a}
-----------------------------------------------------------------------------------------

To characterize factors involved in the formation of toxic recombination intermediates eliminated by Srs2, we selected mutants that suppress the MMS sensitivity of *srs2*Δ haploid cells by plating them on rich medium containing 0.015% MMS. Several well-grown colonies were isolated and backcross analyses showed that the suppressor mutations responsible for MMS resistance were all monogenic. Genetic analyses showed that they affected different genes. We genetically mapped one of these mutations at 25 cM from the *PIF1* gene. Around this position, we found *RAD52* to be a good candidate since it was involved in DNA repair. The sequence of the *RAD52* gene showed a single T to C transversion at position 790 of the open reading frame (ORF), leading to a change of leucine 264 to a proline. To confirm that this mutation is solely responsible for the phenotype, directed mutagenesis was used to create an integrative plasmid which was introduced by gene replacement in a new *srs2*Δ strain using the pop-in pop-out technique. MMS sensitivity suppression was equivalent to that observed in the original suppressed strain ([Figure 1A](#pgen-1003833-g001){ref-type="fig"}).

![Characterization of *rad52-L264P*, a suppressor of the MMS sensitivity of *srs2*Δ mutants that avoid the formation of toxic recombination intermediates.\
(A) Serial 10-fold dilutions of haploid strains with the indicated genotypes were plated onto rich media (YPD) containing different MMS concentrations. *rad52-L264P*\* denotes the original isolated mutant strain and *rad52-L264P*\*\* denotes a strain in which the *RAD52* gene was replaced by the mutant newly generated by directed mutagenesis. (B) Conservation of a motif comprising L264. The primary structure of Rad52 is schematized showing the conserved N-terminus moiety containing the major DNA binding and self-association domains (black, amino acids 1 to 179) as well as the C-terminus part (white, amino acids 180 to 471) containing the RPA (amino acids 275 to 278) and the Rad51 (amino acids 376 to 379) binding domains. The alignment of the Rad52 protein in Hemiascomycetes species shows the conservation of a domain containing the non-essential L264 residue and the QDDD residues essential for RPA binding and consequently for Rad52 mediator activity. The color code used in the alignment follows the default ClustalX color scheme as implemented in JalView (see Material and Methods). Cyan is for fully hydrophobic (I, L, V, M, F), turquoise for aromatic residues containing polar moieties (Y, H), green for small polar (T, S), purple for acidic (D, E), orange for glycine (G) and dark yellow for proline (P) residues.](pgen.1003833.g001){#pgen-1003833-g001}

Rad52 is composed of a highly conserved N-terminus that forms ring structures [@pgen.1003833-Mortensen2], [@pgen.1003833-Shinohara1]. Outside the N-terminus, the protein is less conserved. Sequence alignments show that L264 belongs to a stretch of well-conserved amino acids (positions 261--283) in Hemiascomycetes, located outside the highly conserved N-terminus ([Figure 1B](#pgen-1003833-g001){ref-type="fig"}). L264 is located ten residues upstream of the QDDD motif essential for RPA binding [@pgen.1003833-Plate1], ([Figure 1B](#pgen-1003833-g001){ref-type="fig"}). Note that while *rad52-L264P* is only slightly sensitive to MMS ([Figure 1A](#pgen-1003833-g001){ref-type="fig"}), *rad52-Q275A/D276A/D277A/D278A* is a null allele [@pgen.1003833-Plate1].

We wondered if the change to a proline and not the loss of the leucine itself was significant for the suppression phenotype. Therefore, we replaced the leucine with an alanine by directed mutagenesis. We found that *rad52-L264A* suppresses the MMS sensitivity of *srs2*Δ cells, but not as well as *rad52-L264P* ([Figure 1A](#pgen-1003833-g001){ref-type="fig"}). Therefore, even if changing the leucine to a proline has a more radical effect, probably because it affects the domain more extensively, it is the leucine ablation that confers the suppression phenotype.

*rad52-L264P* cells are proficient in HR {#s2b}
----------------------------------------

To characterize the effect of the mutation on Rad52 activities, we constructed a *rad52-L264P* single mutant strain. *rad52-L264P* is not sensitive to incubation at 16°C or 37°C ([Figure S1A](#pgen.1003833.s001){ref-type="supplementary-material"}) and, unlike the deletion of *RAD52*, it does not affect the rate of spontaneous mutagenesis in the *CAN1* gene ([Figure S1B](#pgen.1003833.s001){ref-type="supplementary-material"}). The growth rate is also unchanged compared with WT (90 minutes), while the deletion of *RAD52* leads to a significant increase of the doubling time (155 minutes). Surprisingly, cells carrying this mutation are strongly resistant to MMS, while *rad52*Δ makes cells extremely sensitive ([Figures 1A](#pgen-1003833-g001){ref-type="fig"} and [9D](#pgen-1003833-g009){ref-type="fig"}). *rad52-L264P* cell resistance to γ-ray and to UV is also comparable to that of WT cells ([Figure 2A and B](#pgen-1003833-g002){ref-type="fig"}). UV-induced recombination between *his7-1* and *his7-2* heteroalleles in *rad52-L264P* homozygous diploid cells is indistinguishable from that of WT cells ([Figure 2D](#pgen-1003833-g002){ref-type="fig"}), suggesting that gene conversion is not affected by this mutation. Altogether, these data show that *rad52-L264P* does not substantially affect the activity of the protein.

![*rad52-L264P* does not affect DNA repair or HR, whereas it completely suppresses *srs2*Δ phenotypes.\
(A, B) Survival curves of haploid cells grown in log phase culture exposed to γ-ray or UV light. (C, D, E) Survival curves and heteroallelic HR frequency of diploid cells grown in log phase culture exposed to γ-ray or UV light. The results shown are the average of at least 3 independent experiments.](pgen.1003833.g002){#pgen-1003833-g002}

![Rad52-L264P behaves like Rad52-SUMO.\
(A to E) Spot assay of haploid cells with the indicated genotype on rich medium (YPD) containing increasing MMS concentrations. Note that the deletion of the *SIZ2* gene (A) and the *rad52-3KR* allele (B) cannot suppress the MMS sensitivity of *srs2*Δ cells. Therefore, the MMS resistance of *rad52-L264P siz2*Δ *srs2*Δ and *rad52-3KR-L264P srs2*Δ cells is only related to *rad52-L264P*. (D) Note that the haploid strain spotted at the bottom contains both *rad52-3KR* and *RAD52* alleles.](pgen.1003833.g009){#pgen-1003833-g009}

UV irradiation and γ-ray sensitivities as well as the UV-induced hyper-recombination phenotype of *srs2*Δ are suppressed by *rad52-L264P* {#s2c}
-----------------------------------------------------------------------------------------------------------------------------------------

*rad52-L264P* completely suppresses *srs2*Δ haploid cell growth defect on MMS plates ([Figure 1A](#pgen-1003833-g001){ref-type="fig"}). It also suppresses *srs2*Δ γ-ray and UV sensitivities ([Figure 2A and B](#pgen-1003833-g002){ref-type="fig"}). UV induces mostly single strand gaps, while γ-ray and MMS produce also DSBs. Therefore, the deadly recombination intermediates induced by both kinds of lesions in *srs2*Δ cells are not toxic or are not formed in the *rad52-L264P srs2*Δ background.

*rad52-L264P* also completely suppresses the previously described UV-induced *srs2*Δ hyper-recombination phenotype [@pgen.1003833-Aboussekhra2], [@pgen.1003833-Rong1]. Frequencies of UV-induced recombination in diploid cells measured between *his7-1* and *his7-2* heteroalleles are the same in *rad52-L264P srs2*Δ and in WT cells ([Figure 2D](#pgen-1003833-g002){ref-type="fig"}).

Interestingly, the UV sensitivity and the hyper-recombination phenotype of *srs2*Δ/*srs2*Δ diploid cells were only partially suppressed when *rad52-L264P* and *RAD52* alleles were co-expressed in comparison with homozygous *rad52-L264P* diploids ([Figure 2E](#pgen-1003833-g002){ref-type="fig"}). Therefore, the WT and *rad52-L264P* alleles of *RAD52* are co-dominant, which implies that *rad52-L264P* cannot be a simple hypomorphic allele. The Rad52-L264P protein mediates the formation of enough functional Rad51 filaments for HR and DNA repair to occur without leading to accumulation of deadly recombination intermediates in *srs2*Δ cells.

*rad52-L264P* suppresses *srs2*Δ synthetic sickness or lethality with DNA repair and replication mutants {#s2d}
--------------------------------------------------------------------------------------------------------

Deleting numerous genes involved in DNA replication or recombination can also induce the formation of lethal recombination intermediates in the absence of Srs2. The deletion of those genes reveals negative interactions with *srs2*Δ in a *RAD51*-dependent manner. Some of these genes, like *RAD50* and *RAD54*, are involved in the normal maturation process of recombination intermediates [@pgen.1003833-Palladino1], [@pgen.1003833-Klein1], [@pgen.1003833-Schild1]. Another set of genes is involved in DNA replication. Among them are *RRM3* [@pgen.1003833-Schmidt1], *MRC1* and *CTF18* [@pgen.1003833-Xu1]. The *srs2*Δ mutation is also synthetically lethal with *sgs1*Δ, but Sgs1 is involved in recombination and potentially in replication. Therefore, it is not clear which function of Sgs1 is required to avoid *srs2*Δ death [@pgen.1003833-Fabre1]. We wondered if some of these negative interactions would be suppressed by *rad52-L264P*. A *rad52-L264P srs2*Δ strain was crossed with strains containing deletions of the genes interacting negatively with *srs2*Δ ([Figure 3A](#pgen-1003833-g003){ref-type="fig"}). Interestingly, tetrad analysis showed that all the negative interactions we tested were suppressed by *rad52-L264P*. Triple mutant strains\' doubling times ranged from 92 to 147 min ([Table S1](#pgen.1003833.s009){ref-type="supplementary-material"}), indicating that even if barriers to replication might persist in some background, the suppression is rather strong. We conclude from these experiments that there is a feature common to toxic recombination intermediates eliminated by Srs2 in the different recombination and replication mutants as well as in cells exposed to DNA-damaging agents. Therefore, the toxicity of these intermediates disappears in *rad52-L264P srs2*Δ cells or, alternatively, the intermediates themselves are not formed.

![*rad52-L264P* suppresses mutations that are synthetically lethal with *srs2*Δ.\
(A) Tetrad analysis of crosses between haploid *rad52-L264P srs2*Δ strains and haploid mutants synthetically lethal with *srs2*Δ. Double mutant spores, which do not contain *rad52-L264P*, are indicated by white squares. The white circles mark triple mutants. (B) *siz2*Δ and *rad52-3KR* do not suppress the synthetic lethality of *srs2*Δ *sgs1*Δ and *srs2*Δ *rrm3*Δ mutants. In crosses involving *siz2*Δ, white squares display spores of *srs2*Δ *sgs1*Δ or *srs2*Δ *rrm3*Δ genotypes and white circles indicate triple mutants. To analyze the genetic interaction between *rad52-3KR* inserted at the *URA3* locus and the synthetically lethal *rrm3*Δ *srs2*Δ double mutant, diploids homozygous for *rad52*Δ were sporulated, in order to avoid the co-expression of *RAD52* and *rad52-3KR*. The white square indicates *srs2*Δ *rrm3*Δ *rad52*Δ triple mutants and white circles indicate unviable *srs2*Δ *rrm3*Δ *rad52*Δ *ura3*::*rad52-3KR* monosporic colonies.](pgen.1003833.g003){#pgen-1003833-g003}

*rad52-L264P* suppresses *srs2*Δ defects associated with presynaptic Rad51 nucleoprotein filament formation {#s2e}
-----------------------------------------------------------------------------------------------------------

The defects associated with *srs2*Δ in haploid cells can be suppressed by *rad52-L264P*. However, resistance to γ-ray and UV irradiation is only partially restored in *srs2*Δ *rad52-L264P* homozygous diploids ([Figure 2C and D](#pgen-1003833-g002){ref-type="fig"}). It has been proposed that the higher sensitivity of *srs2*Δ homozygous diploids compared with haploids is related to the resolution of specific interactions between homologous chromosomes, probably related to HR [@pgen.1003833-Aboussekhra2]. Thus, *rad52-L264P* would not suppress *srs2*Δ deficiency in the resolution of recombination intermediates involving homologous chromosomes. This would also mean that the important role of Srs2 in DNA damage resistance in haploid cells would not be related to the resolution of recombination intermediates. We propose rather that the defect in Srs2 observed in haploid cells is related to the formation of Rad51 filaments that are toxic because they do not achieve strand invasion (because they are deficient or because a homologous sequence is not available to perform strand invasion) and cannot be removed from ssDNA. These filaments can be defined as toxic presynaptic Rad51 filaments. Conversely, the fraction of *srs2*Δ sensitivity that cannot be suppressed by *rad52-L264P* in diploid cells may be related to a "postsynaptic" role of Srs2. To test this hypothesis, we took advantage of two recombination systems allowing the repair of a single DSB created by a galactose-inducible HO endonuclease. Both systems require Srs2 to survive the formation of the DSB. The first one involves SSA between direct repeats located 25 kb apart ([Figure 4A](#pgen-1003833-g004){ref-type="fig"}) and the other one uses ectopic gene conversion to repair the DSB ([Figure 4D](#pgen-1003833-g004){ref-type="fig"}) [@pgen.1003833-Vaze1], [@pgen.1003833-Ira1]. Srs2 is required in SSA to remove Rad51 accumulating on ssDNA generated from DSB processing [@pgen.1003833-Yeung1], while during ectopic gene conversion *srs2*Δ cells fail to properly resolve recombination intermediates [@pgen.1003833-Ira1]. According to our hypothesis, *rad52-L264P* should only suppress the poor viability of *srs2*Δ cells after HO induction in the SSA system. This is exactly what we observed: *rad52-L264P* suppressed *srs2*Δ low cell viability strongly in the SSA system ([Figure 4B](#pgen-1003833-g004){ref-type="fig"}), but only marginally in the gene conversion ectopic system ([Figure 4E](#pgen-1003833-g004){ref-type="fig"}). Monitoring of DSB repair in both systems by Southern blot analysis showed that *rad52-L264P* restored a normal level of SSA product formation in *srs2*Δ cells ([Figure 4A](#pgen-1003833-g004){ref-type="fig"}). However, the gene conversion products in the ectopic system did not accumulate as much as in WT cells ([Figure 4D](#pgen-1003833-g004){ref-type="fig"}). Note that the survival rates after DSB induction in the SSA and the ectopic systems were largely unchanged in *rad52-L264P* cells in comparison to WT cells ([Figure 4B and E](#pgen-1003833-g004){ref-type="fig"}). Moreover, DSB repair analysis by Southern blotting showed that the kinetics of repair in both systems were unaffected by *rad52-L264P* ([Figure 4A and D](#pgen-1003833-g004){ref-type="fig"}).

![*rad52-L264P* can only suppress *srs2*Δ deficiencies in the management of unproductive Rad51 filaments.\
Schematic representation and Southern blot analysis of the two HO-induced DSB repair systems involving SSA between two direct repeats 25 kb apart (A) and gene conversion between ectopic copies of *MAT* (D). The kinetic of repair in the SSA system after HO induction by addition of galactose to the medium was monitored by probing a Southern blot of *Kpn*I (K) digested genomic DNA of cells harvested at the indicated time with a PCR fragment complementary to the 3′end of *LEU2* (bold line). Quantification of the product band relative to the parental band (leu2::cs) measured at 24 hours is indicated (see Material and Methods for more information). To follow gene conversion of the *MAT*α allele after DSB induction, DNA was digested with *Cla*I (C1) and *Hind*III (H3), and probed with a *MAT* distal PCR fragment (bold line). The two possible outcomes, gene conversion associated with a CO or not (NCO), are indicated. The proportion of repaired products (NCO+CO) relative to the parental band (*MAT*α) and the proportion of CO among repair products measured at 10 hours are indicated (see Material and Methods for more information). (B and E) Cell viability after DSB formation in both assays. (C and F) Western blot analysis of Rad53 phosphorylation after HO induction in both systems.](pgen.1003833.g004){#pgen-1003833-g004}

We conclude that the *rad52-L264P* mutation only bypasses *srs2*Δ defects associated with presynaptic Rad51 nucleoprotein filament formation. This finding implies that *rad52-L264P* cannot suppress the high level of CO observed in *srs2*Δ cells either [@pgen.1003833-Ira1], [@pgen.1003833-Robert1]. Southern blot quantification ([Figure 4D](#pgen-1003833-g004){ref-type="fig"}) confirmed the increased amount of CO in *srs2*Δ cells (18%) compared with WT cells (5%). As expected, the amount of CO in *rad52-L264P srs2*Δ cells was still very high (13%). To confirm this result, we used the *arg4* ectopic recombination system described by Robert et al. [@pgen.1003833-Robert1]. We found CO in 64% of ARG^+^ recombinants in *rad52-L264P srs2*Δ cells in this background, a value comparable to the 60% measured in *srs2*Δ cells (Escartin F, De Cian A, Coïc E, Gilquin B, Le Cam E, Veaute X, unpublished data). Altogether, these results show that the genetic interactions between *srs2*Δ and *rad52-L264P* are related to Rad51 filament formation and not to postsynaptic resolution of intertwined recombination intermediates.

Persistence of DNA repair checkpoint induced by DSB formation in *srs2*Δ cells is suppressed by *rad52-L264P* {#s2f}
-------------------------------------------------------------------------------------------------------------

Elimination of the checkpoint response in the *mec1*Δ *sml1*Δ derivative of the *srs2*Δ strain suppresses, like *rad52-L264P*, the poor viability related to the formation of the DSB in the SSA system [@pgen.1003833-Vaze1]. As a consequence, we wondered if the Rad52-L264P mutant protein could somehow lower the persistence of the checkpoint related to the maintenance of extensive ssDNA formed around the DSB before repair could take place. The analysis of Rad53 by western blot ([Figure 4C](#pgen-1003833-g004){ref-type="fig"}) shows that it is similarly phosphorylated two hours after HO induction in both *rad52-L264P* and WT strains. We confirmed that this modification disappears after 12 hours in WT and *rad52-L264P* cells and persists in *srs2*Δ cells even 24 hours after DSB formation. It was previously shown that the persistence of the checkpoint activation in *srs2*Δ cells is dependent on Rad51 [@pgen.1003833-Vaze1] because the nucleofilament protects ssDNA from degradation [@pgen.1003833-Yeung1]. *rad52-L264P* suppresses the checkpoint activation in *srs2*Δ cells as shown by the similarity of the Rad53 phosphorylation kinetics in *rad52-L264P srs2*Δ compared with WT. This implies that the Rad51 filaments formed by the mutated Rad52 protein allow the checkpoint to be turned off, even in the absence of Srs2. This result strengthens our conclusion concerning the involvement of *rad52-L264P* in the suppression of *srs2*Δ defects in presynaptic Rad51 filament management and suggests that Rad52-L264P-mediated Rad51 filaments are different from Rad52-mediated filaments.

During ectopic gene conversion, the *srs2*Δ mutant defect is associated with a slower disappearance of Rad53 phosphorylation. The retarded bands decrease in intensity after 8 hours in WT cells compared with 12 hours in *srs2*Δ cells ([Figure 4F](#pgen-1003833-g004){ref-type="fig"}). This slower recovery is not suppressed by *rad52-L264P*, confirming the absence of suppression of *srs2*Δ defects in this system.

*rad52-L264P* suppresses *srs2*Δ low cell viability in the SSA system through subtle changes in Rad52 mediator activity {#s2g}
-----------------------------------------------------------------------------------------------------------------------

We carried out chromatin immunoprecipitation (ChIP) experiments to study the recruitment of RPA, Rad52 and Rad51 to ssDNA in order to monitor Rad51 filament formation in cells that express Rad52-FLAG or Rad52-L264P-FLAG. We used the SSA assay described above because DSB repair requires the formation of long ssDNA tails [@pgen.1003833-Vaze1], [@pgen.1003833-Ira1]. This allowed us to follow Rad51 filament formation on ssDNA for a long period of time. Quantitative PCR was carried out using primer sets that amplify DNA at 0.6 kb and 7.6 kb upstream of the DSB site during a time-course experiment to follow DSB induction. We found an increase in the relative enrichment of RPA, Rad52-FLAG and Rad51 at the site of DSB formation compared to the uncut control *ARG5,6* locus, indicative of the formation of ssDNA and subsequently of Rad51 filaments ([Figure 5](#pgen-1003833-g005){ref-type="fig"}). The increase of RPA binding was higher in Rad52-L264P-FLAG than in Rad52-FLAG expressing cells at positions 0.6 kb and 7.6 kb upstream of the DSB site. The highest RPA increase in Rad52-L264P-FLAG expressing cells (2-fold in comparison to what is detected in Rad52-FLAG expressing cells) was observed four hours after HO induction and was associated with a decrease in Rad52-L264P-FLAG and Rad51 binding at the same time point (2- and 3-fold, respectively, in comparison to Rad52-expressing cells, [Figure 5](#pgen-1003833-g005){ref-type="fig"}). However, Rad51 binding was still 30-fold higher than the enrichment value observed at the *ARG5,6* locus without DSB. The lower Rad51 recruitment in Rad52-L264P-FLAG expressing cells might be caused by a reduced mediator activity of this Rad52 mutant. Alternatively, it might be the result of a modification of the Rad51 filament properties. For example, their average length could be shorter in Rad52-L264P-FLAG than in Rad52-FLAG expressing cells.

![ChIP analysis of Rad51 filament formation at a DSB created by the HO endonuclease in cells that express Rad52-FLAG, Rad52-L264P-FLAG or Rad52-SUMO-FLAG.\
The HO endonuclease was induced in WT or *srs2*Δ cells that express Rad52-FLAG, Rad52-L264P-FLAG or Rad52-SUMO-FLAG to create a single DSB that can be repaired by SSA. Samples were taken before induction and at 2, 4, 6 and 8 hours after galactose addition. Antibodies against the RPA complex, the FLAG epitope or Rad51 were used to precipitate protein-bound chromatin. Quantitative PCR was performed with primers located at 0.6 kb or 7.6 kb from the DSB site, using the immunoprecipitated chromatin (IP) and input DNA as template. As a control, primers specific for the *ARG5,6* locus were used. The relative enrichment represents the ratio of the PCR enrichment in the IP fraction to the input fraction. The median value of at least 3 experiments is shown and error bars represent the upper and lower values observed.](pgen.1003833.g005){#pgen-1003833-g005}

Srs2 removes Rad51 filaments differently according to the distance from the 3′-end of ssDNA tails {#s2h}
-------------------------------------------------------------------------------------------------

We also observed that the recruitment of RPA, Rad52 and Rad51 was lower at position 7.6 kb than at position 0.6 kb in Rad52-FLAG expressing cells ([Figure 5](#pgen-1003833-g005){ref-type="fig"}). This could be linked to a limited amount of proteins to cover long ssDNA tails. However, western blot analysis of the cell extracts used for ChIP showed that the protein level of RPA and Rad52-FLAG remained unchanged after DSB formation ([Figure S3](#pgen.1003833.s003){ref-type="supplementary-material"}), whereas the pool of Rad51 increased. Consequently, the lower recruitment of Rad51 at 7.6 kb could be related to a specific activity of Srs2 at this position. Indeed, we found that Rad51 recruitment is of the same order of magnitude at the 7.6 kb and 0.6 kb positions in *srs2*Δ cells. The finding that Rad51 binding at 0.6 kb was not significantly affected in *srs2*Δ cells in comparison to WT cells indicates that Srs2 does not influence significantly Rad51 recruitment at position 0.6 kb, while it is very active in eliminating Rad51 filaments at position 7.6 kb. This observation suggests that Rad51 filaments forming far away from the DSB site might be responsible for the death of *srs2*Δ cells upon DSB formation. Finally, reduced Rad51 binding at 7.6 kb was observed also in *rad52-L264P* cells and was confirmed in *rad52-L264P srs2*Δ cells as well. This lower recruitment (or the modification of Rad51 filaments properties) can explain the resistance of such cells to DNA damage.

*rad52-L264P* does not affect the interaction with RPA, Rad51 and Rad59 {#s2i}
-----------------------------------------------------------------------

We then asked whether the lower recruitment of Rad52-L264P and Rad51 in *rad52-L264P* cells observed by ChIP could be related to a modification of the interaction of RPA or Rad51 with Rad52-L264P. Indeed, L264 is located just upstream of the QDDD motif essential for RPA binding [@pgen.1003833-Plate1] ([Figure 1B](#pgen-1003833-g001){ref-type="fig"}). Therefore, it was possible that the *rad52-L264P* mutation affects RPA binding [@pgen.1003833-Sugiyama1], [@pgen.1003833-Song1]. We evaluated Rad52-RPA interaction by co-immunoprecipitation experiments. Rad52 was immunoprecipitated with a polyclonal antibody and the precipitated fraction was analyzed on western blots with a polyclonal antibody directed against the RPA complex ([Figure 6A](#pgen-1003833-g006){ref-type="fig"}). We first observed that the *rad52-L264P* mutation did not substantially affect the binding to RPA, which was expected for a mutant protein still able to manage DNA repair by HR. However, to make sure that there was no difference between the WT and the mutant protein in binding to RPA, we added increasing salt concentrations to the cell extracts to test the robustness of this interaction. As shown in [Figure 6A](#pgen-1003833-g006){ref-type="fig"}, the amount of RPA co-immunoprecipitated was equivalent in extracts expressing the WT or the mutant protein. In both cases, the interaction was abolished at 500 mM NaCl. In the same experiment, we looked at the interaction between the mutated Rad52-L264P protein and Rad59 [@pgen.1003833-Davis1] and found no major differences between the WT and the mutant protein at 150 mM NaCl ([Figure S2](#pgen.1003833.s002){ref-type="supplementary-material"}). Since Rad59 interaction is not crucial for Rad52/Rad51-dependent recombination [@pgen.1003833-CortesLedesma1], we did not investigate further the effect of *rad52-L264P* on this interaction. We also measured the effect of *rad52-L264P* on Rad51 binding [@pgen.1003833-Davis1]. For that purpose, we used Rad52-FLAG and Rad52-L264P-FLAG tagged proteins and found that the mutation did not affect this interaction ([Figure 6B](#pgen-1003833-g006){ref-type="fig"}). Similarly to what is observed for RPA, the destabilization of the interaction with Rad51 by increasing NaCl concentrations was comparable when using WT Rad52 or Rad52-L264P.

![Rad52-L264P still interacts with RPA and Rad51.\
(A) To test the interaction with RPA, Rad52 or Rad52-L264P was immunoprecipitated with a rabbit anti-Rad52 polyclonal antibody from 1 mg of whole cell extracts (without DNAse treatment) prepared from *RAD52*, *rad52-L264P* or *rad52*Δ strains. To test the robustness of the interaction, increasing NaCl concentrations were added to the cell extracts. Proteins from the whole extracts (50 µg) and from the immunoprecipitated fractions were separated by SDS-PAGE and immunoblotted with rabbit anti-Rad52 polyclonal antibody or rabbit anti-RPA polyclonal antibody (allowing detection of the Rfa1 subunit of RPA). The signals corresponding to immunoprecipitated Rad52 or Rad52-L264P were quantified in three independent experiments and plotted as a fraction of the signal intensity measured in the 150 mM NaCl experiment. (B) To assess the interaction between Rad52-L264P and Rad51, Rad51 was immunoprecipitated from 1 mg of whole cell extracts (without DNAse treatment) from cells expressing Rad52-FLAG or Rad52-L264P-FLAG. The strength of the interaction was also evaluated against increasing NaCl concentrations. The proteins from whole cell extracts (50 µg) and from immunoprecipitated fractions were separated by SDS-PAGE and immunoblotted with rabbit anti-Rad51 polyclonal antibody and mouse anti-FLAG monoclonal antibody. The presence of Rad51 in the immunoprecipitated fraction cannot be detected to validate the efficiency of the immunoprecipitation because it migrates at the same level as the IgG anti-Rad51 used for the immunoprecipitation. However, the absence of Rad52 in the *rad51*Δ immunoprecipitate confirmed that the Rad52-FLAG signals observed are related to the Rad52-Rad51 interaction. The signals corresponding to immunoprecipitated Rad52 or Rad52-L264P were quantified in three independent experiments and plotted as in (A).](pgen.1003833.g006){#pgen-1003833-g006}

Purified Rad52-L264P is more efficient in Rad51 nucleoprotein filament formation than the WT protein {#s2j}
----------------------------------------------------------------------------------------------------

To characterize the biochemical properties of Rad52-L264P we purified recombinant Rad52-L264P and Rad52 from *Escherichia coli* ([Figure 7A](#pgen-1003833-g007){ref-type="fig"}). Using electrophoretic mobility shift assays ([Figure 7B](#pgen-1003833-g007){ref-type="fig"}), we found that Rad52 binding to ssDNA was not significantly affected by the mutation. Next, we investigated whether the L264P mutation affected Rad52 annealing activity by incubating Rad52-L264P and WT Rad52 with complementary ssDNA strands and monitoring the formation of dsDNA. Again, no significant difference was observed ([Figure 7C](#pgen-1003833-g007){ref-type="fig"}). This was further confirmed in a reaction where ssDNA was coated first with RPA to reflect the *in vivo* conditions ([Figure 7D](#pgen-1003833-g007){ref-type="fig"}). We also observed that Rad52-L264P annealing activity was sensitive to RPA, as previously reported for WT Rad52 [@pgen.1003833-Wu1]. Finally, Rad52-L264P and Rad52 annealing activity were similarly affected by Rad51 filaments and free Rad51 proteins [@pgen.1003833-Wu1] ([Figure S4A](#pgen.1003833.s004){ref-type="supplementary-material"}--C).

![Biochemical analysis of Rad52-L264P-mediated filaments.\
(**A**) The purity of recombinant Rad52 and Rad52-L264P (2 µg/each) was assessed by separation on 8% SDS-PAGE and staining with Coomassie blue. (B) Binding of Rad52-L264P to ssDNA. Protein titration reactions were performed by incubating 0.27 µM of a 62-nucleotides long Cy5-labeled ssDNA fragment with various amounts of Rad52-L264P at 37°C for 10 min (protein/bases: 1/10, 1/5, 1/2.5, 1/1.25, 1/0.6, 1/0.3, 1/0.15). Quantification of free ssDNA is shown. The data were fitted into a sigmoidal curve by using the PRISM software (GraphPad). (C) Rad52-L264P-mediated DNA annealing. Representative gels of Rad52 or Rad52-L264P-promoted DNA annealing are shown in the upper panel (Rad52/bases: 1/100, 1/42, 1/14, 1/6; same DNA as in (B) with reverse-complement, 340 nM each). The dsDNA/total DNA ratio at 10 min is shown in the lower panel. (D) RPA bound to ssDNA inhibits equally Rad52- and Rad52-L264P-catalyzed annealing reactions. Reactions were carried out with primers 25 and 26 (200 nM each, see Material and Methods) that were first incubated with 30 nM RPA (1/13 bases) at 30°C for 5 minutes, followed by addition of 40 nM Rad52 (1/10 bases). Self-annealing of the primers incubated without proteins and reactions performed without RPA or Rad52 are also shown. (E) Over-stimulation of DNA strand exchange by Rad52-L264P. *Upper panel*, diagram of the reaction substrates and products. *Middle panel*, ethidium bromide-stained DNA gel. As shown by the standard reaction (st), Rad51 efficiently catalyzes the formation of nicked circular products. Pre-bound RPA inhibits this reaction (line 2). Increasing amounts of Rad52 (lines 3--6, Rad52/bases: 1/55, 1/27, 1/18, 1/14) or Rad52-L264P (lines 7--10, Rad52/bases: 1/880, 1/220, 1/110, 1/55) overcome the inhibitory effect of pre-bound RPA. In line 1, only RPA was added to the reaction. *Lower panel*, the ratio of the nicked circular product over the sum of the linear dsDNA substrate and the nicked circular product is shown. (F) Salt titration of Rad51-Rad52/Rad52-L264P-ssDNA complex formation. The nucleoprotein complexes were assembled by incubating 0.8 µM Rad51 with 0.09 µM Rad52 or Rad52-L264P and 0.08 µM RPA pre-bound to 2.5 µM Cy5-labeled ssDNA (400 nucleotides) in the presence of the indicated NaCl concentrations at 37°C for 15 min. The Cy5 signals after nucleoprotein gel eletrophoresis are shown. Quantifications are shown below. Data were fitted into a third order polynomial curve. Western blot analysis of the gel using antibodies against Rad51 or Rad52 is also shown. Stars indicate signals corresponding to proteins not bound to ssDNA. (G) Transmission electron microscopy images of protein-DNA complexes showing the association of Rad52 with complete Rad51 filaments. Positive (left) and negative (right) staining images are shown for each type of filaments. The proportion of each type of complete Rad51 filaments formed by Rad52 or Rad52-L264P at different NaCl concentrations is shown and compared to a control reaction without Rad52. 100 molecules were examined in each experiment.](pgen.1003833.g007){#pgen-1003833-g007}

To determine whether the L264P mutation has an impact on Rad52 recombination mediator activity, we used a well-established DNA strand exchange system that involves plasmid DNA substrates ([Figure 7E](#pgen-1003833-g007){ref-type="fig"}). In this system, RPA that is pre-bound to ssDNA partially inhibits strand exchange by Rad51. The addition of Rad52 together with Rad51 increases the formation of products through Rad52 interaction with RPA (reviewed in [@pgen.1003833-SanFilippo1]). We found that Rad52-L264P was approximately 8-fold more efficient than WT Rad52 in catalyzing DNA strand exchange.

As this finding indicates that the mediator activity of Rad52-L264P is modified, we studied more precisely the effect of the L264P mutation on the formation of Rad51 filaments and their stability by using electrophoretic analysis of glutaraldehyde-fixed Cy5-labeled DNA-protein complexes. First, we optimized RPA, Rad51 and Rad52 stoichiometry at 60 mM NaCl to obtain the best Rad52 antagonism of the inhibitory effect of pre-bound RPA on Rad51 nucleoprotein filament formation ([Figure S5](#pgen.1003833.s005){ref-type="supplementary-material"}). In these conditions, Rad52-L264P showed a slightly increased mediator activity in comparison to WT Rad52 ([Figure 7F](#pgen-1003833-g007){ref-type="fig"}). Challenging Rad51 filament formation with increasing salt concentrations showed that the mediator activity of both WT and mutant Rad52 was very sensitive to salt. Indeed, the addition of only 60 mM NaCl to the reaction (120 mM in total) was sufficient to reduce Rad51 filament formation from 30 to 10% of the protein/DNA complexes. Quantification of Rad51 filament formation at increasing NaCl concentrations confirmed that Rad52-L264P was slightly more efficient than WT Rad52 (the difference was significant at 100 and 120 mM NaCl). However, the salt titration midpoint was the same for both WT and mutant protein (around 90 mM), again indicating that the difference in the mediator activity between Rad52-L264P and Rad52 is minimal. Western blot analysis using an anti-Rad51 polyclonal antibody confirmed the slightly higher mediator activity of Rad52-L264P. Electron microscopy (EM) analysis of the resulting protein-ssDNA complexes confirmed the sensitivity of the reaction to NaCl concentration and the higher mediator activity of Rad52-L264P ([Figure 7G](#pgen-1003833-g007){ref-type="fig"}). We also measured the stability of the nucleoprotein filaments formed by Rad52 or Rad52-L264P by adding increasing concentrations of NaCl after Rad51 filament formation ([Figure S5B](#pgen.1003833.s005){ref-type="supplementary-material"}) and found no difference. The salt-titration mid-point was around 400 mM.

In addition, western blot analysis using an anti-Rad52 polyclonal antibody revealed that Rad52 remained associated with complete Rad51 filaments ([Figures 7F](#pgen-1003833-g007){ref-type="fig"} and [S5](#pgen.1003833.s005){ref-type="supplementary-material"}). This association was quite unstable because the addition of 60 mM NaCl after complete formation of filaments resulted in Rad52 dissociation from the complex ([Figure S5C](#pgen.1003833.s005){ref-type="supplementary-material"}). EM analysis of the nucleoprotein complexes formed with Rad52 (at 60 mM NaCl) showed that 55% of complete Rad51 filaments remained associated with the mediator protein ([Figures 7F](#pgen-1003833-g007){ref-type="fig"} and [S5](#pgen.1003833.s005){ref-type="supplementary-material"}). Rad52 was localized mostly at the end of filaments (75%), but in many cases multiple Rad52 spots were distributed all along the filament. In absence of RPA pre-bound to ssDNA, Rad52 was rarely associated with Rad51 filaments ([Figure S5A](#pgen.1003833.s005){ref-type="supplementary-material"}). Thus, Rad52 spot formation might be dependent on the previous binding of RPA to ssDNA. Rad52 might remain associated with residual RPA bound to DNA between Rad51 molecules. Alternatively, as only a few complete Rad51 filaments are formed in the absence of RPA, Rad52 association might be restricted to complete Rad51 filaments. Our results also show that Rad52-L264P association with Rad51 filaments was increased (74% of complete Rad51 filaments compared with 55% for WT Rad52, [Figure 7G](#pgen-1003833-g007){ref-type="fig"} and [S5](#pgen.1003833.s005){ref-type="supplementary-material"}), while the proportion of Rad52-L264P spots at the end of filaments was comparable (78%). This increased association of Rad52-L264P together with its higher mediator activity might modify qualitatively Rad51 filament properties and cause the suppression of *srs2*Δ phenotypes *in vivo*.

*SIZ2* overexpression suppresses the MMS sensitivity of *srs2*Δ cells via Rad52 sumoylation {#s2k}
-------------------------------------------------------------------------------------------

In parallel to the search for point mutations suppressing the MMS sensitivity of *srs2*Δ mutants, we also screened a multi-copy genomic library for high-dosage suppressors. After a second round of selection, plasmids bearing a suppressor were sequenced. Strikingly, we isolated a plasmid carrying the *SIZ2* gene ([Figure 8A](#pgen-1003833-g008){ref-type="fig"}). Siz2 is the only SUMO ligase involved in Rad52 sumoylation after the formation of chemically induced DNA damage (like MMS) [@pgen.1003833-Sacher1]. Consequently, we speculated that the stimulation of Rad52 sumoylation was responsible for the suppression conferred by *SIZ2* overexpression since our study of *rad52-L264P* shows that subtle changes in Rad52 activity can bypass the requirement for Srs2 in haploid cells. Indeed, we found that the suppression of the MMS sensitivity of *srs2*Δ conferred by *SIZ2* overexpression is no longer observed in cells bearing a sumoylation-deficient *rad52-3KR* allele, where the three SUMO acceptor sites, lysines 10, 11 and 220 are replaced by arginines [@pgen.1003833-Sacher1] ([Figure 8A](#pgen-1003833-g008){ref-type="fig"}). As a control, we checked that the *rad52-3KR* allele was not sensitive to MMS ([Figure 9B and D](#pgen-1003833-g009){ref-type="fig"}), as previously described [@pgen.1003833-Sacher1]. Therefore, the suppression of the MMS sensitivity of *srs2*Δ cells by the overexpression of *SIZ2* occurs through the sumoylation of Rad52.

![Over-expression of the *SIZ2* SUMO-ligase coding gene suppresses the MMS sensitivity of *srs2*Δ by stimulating Rad52 sumoylation.\
(A) Spot assay of haploid cells over-expressing *SIZ2*. Serial 10-fold dilutions were plated on minimal media lacking uracil with or without MMS. Strains of the indicated genotype were transformed with an empty vector or with the same plasmid containing the *SIZ2* gene. (B) Over-expression of *SIZ2* stimulates Rad52 sumoylation. Proteins conjugated with a His~7~-SUMO radical were pull-down on Ni-NTA from 5 mg of extracts of *RAD52*-*FLAG* cells over-expressing His7-*SMT3*. Pull-downs were carried out from strains transformed with a *SIZ2*-containing multi-copy vector or with an empty vector. Cells treated with 0.3% of MMS were also tested as a positive control of sumoylation. *rad52-L264P-FLAG* strains were also subjected to pull-down analysis. Proteins from the whole extracts (3 µg) and from the pull-down fractions were separated by SDS-PAGE and immunoblotted with an anti-FLAG mouse monoclonal antibody.](pgen.1003833.g008){#pgen-1003833-g008}

To check that *SIZ2* overexpression truly stimulates Rad52 sumoylation, extracts from cells overexpressing *SIZ2* and His-tagged SUMO were subjected to Ni-NTA pull-down experiments under denaturing conditions ([Figure 8B](#pgen-1003833-g008){ref-type="fig"}). The amount of Rad52 sumoylation was compared to that of cells expressing *SIZ2* under normal physiological conditions. Because the FLAG tag we used to detect Rad52 contains a poly-histidine chain, the protein was also retained on the Ni-NTA beads, allowing us to quantify the amount of sumoylated protein relative to the total amount of Rad52. Overexpression of *SIZ2* increases the amount of sumoylated Rad52 3-fold compared with its basal expression. This result strengthens our genetic experiments establishing that an increase in the pool of sumoylated Rad52 allows Srs2 activity to be bypassed.

Rad52-L264P behaves as Rad52-SUMO {#s2l}
---------------------------------

Since Rad52 sumoylation leads to the suppression of MMS sensitivity of *srs2*Δ cells, we wondered whether the suppression by *rad52-L264P* was dependent on an increase in the pool of sumoylated Rad52 induced by the mutation. As shown in [Figure 8B](#pgen-1003833-g008){ref-type="fig"}, *rad52-L264P* does not increase Rad52 sumoylation. We also found that the suppression conferred by *rad52-L264P* was not dependent on *SIZ2* since the deletion of this gene in *rad52-L264P srs2*Δ cells did not affect MMS resistance ([Figure 9A](#pgen-1003833-g009){ref-type="fig"}). Additionally, a *rad52-L264P* allele that cannot be sumoylated (*rad52-3KR-L264P*) still suppresses the MMS sensitivity of *srs2*Δ mutants ([Figure 9B](#pgen-1003833-g009){ref-type="fig"}). Altogether, these results clearly show that Siz2-mediated Rad52-L264P sumoylation is not required to bypass Srs2. We also checked if the Rad52-L264P protein was sumoylated by another SUMO ligase. We found that Rad52-L264P MMS-induced sumoylation was still dependent on Siz2 ([Figure S6](#pgen.1003833.s006){ref-type="supplementary-material"}). To reconcile our findings that *srs2*Δ MMS sensitivity can be suppressed on the one hand by Rad52 sumoylation and on the other hand by *rad52-L264P*, even if sumoylation cannot occur, we propose that Rad52-L264P behaves as if it is constitutively sumoylated, even when it is not physically modified. This would mean that the mutation has the same effects on Rad52 activities, as does sumoylation. Consequently, cells that constitutively express only sumoylated Rad52 should suppress the MMS sensitivity of *srs2*Δ cells as strongly as *rad52-L264P*.

To test this hypothesis, we fused the *SMT3* gene, coding for the SUMO modifier, to the 3′ end of the endogenous *RAD52* gene, to generate cells expressing only a Rad52 protein bearing a C-terminal SUMO fusion. The part of *SMT3* coding for the last three amino acids and the two glycines required for conjugation [@pgen.1003833-Johnson1] was removed to avoid subsequent conjugation of SUMO with other proteins. The resulting strain displays only mild MMS sensitivity ([Figure 9C](#pgen-1003833-g009){ref-type="fig"}), showing that the addition of SUMO does not substantially affect Rad52 activity in DNA repair. *srs2*Δ cells bearing the *RAD52-SMT3* fusion allele were as MMS-resistant as those carrying *rad52-L264P*. Therefore, in cells that produce only Rad52-SUMO fusion proteins, Srs2 becomes incidental to MMS resistance. We also monitored the effect of the fusion protein on survival of *srs2*Δ cells in both SSA and *MAT* ectopic recombination systems ([Figure 4B and E](#pgen-1003833-g004){ref-type="fig"}). As for Rad52-L264P, the expression of the Rad52-SUMO protein instead of Rad52 can alleviate the strong lethality associated with *srs2*Δ in the SSA system but not in the ectopic system. Additionally, ChIP analysis showed that Rad52-SUMO behaves as Rad52-L264P. Using FLAG-tagged proteins, we also observed a 2-fold decrease in Rad52-SUMO recruitment to ssDNA compared with Rad52 ([Figure 5](#pgen-1003833-g005){ref-type="fig"}). This is associated with a 2-fold decrease in Rad51 binding, as we observed for Rad52-L264P. These results reinforce the idea that Rad52 sumoylation affects Rad52 activities in the same way as *rad52-L264P*.

Since Rad52 sumoylation can bypass the requirement for Srs2 in the avoidance of toxic Rad51 filaments, it would be expected that the expression of the Rad52-3KR protein, which cannot be sumoylated, would lead to a negative interaction with *srs2*Δ. This is exactly what we observed ([Figure 9D](#pgen-1003833-g009){ref-type="fig"}). This negative effect is also observed in a *siz2*Δ *srs2*Δ double mutant ([Figure 9E](#pgen-1003833-g009){ref-type="fig"}). It is interesting to note that the negative effect of *rad52-3KR* in a *srs2*Δ background is dominant to the *RAD52* allele. Indeed, the introduction of the *RAD52* allele in a *rad52-3KR srs2*Δ strain does not increase MMS resistance ([Figure 9D](#pgen-1003833-g009){ref-type="fig"}). We suggest that Rad52-3KR mediates toxic Rad51 filaments that can be disassembled only by Srs2.

It has been reported that a plasmid carrying *rad52-3KR* is able to suppress (albeit weakly) *rrm3Δ srs2*Δ synthetic lethality and *sgs1*Δ *srs2*Δ growth defect [@pgen.1003833-Sacher1]. However, we found that *rad52-L264P* suppresses these negative interactions ([Figure 3A](#pgen-1003833-g003){ref-type="fig"}), while this allele codes for a protein behaving as if it were sumoylated. We confirmed our conclusion by tetrad analysis showing that a single integrated copy of *rad52-3KR*, or *siz2*Δ, cannot rescue *rrm3*Δ *srs2*Δ and *sgs1*Δ *srs2*Δ negative interactions ([Figure 3B](#pgen-1003833-g003){ref-type="fig"}).

Finally, it has been reported that the Rad52-3KR protein is more prone to proteasome degradation than the WT protein, mostly in cells lacking Srs2 or Rrm3 helicases [@pgen.1003833-Sacher1]. Since *rad52-L264P* makes the protein behave as if it were constitutively sumoylated, it was possible that it could suppress the increased instability of Rad52-3KR. Expression shut-off experiments were performed with different mutation of Rad52 in *srs2*Δ mutants. We found that the Rad52-3KR-L264P protein was not more stable than Rad52-3KR ([Figure S7](#pgen.1003833.s007){ref-type="supplementary-material"}). It is possible that the decreased stability of Rad52-3KR is related to the substitution of the three targeted lysines and not to the inability of the protein to be sumoylated.

Discussion {#s3}
==========

A novel allele of *RAD52* circumvents the requirement for Srs2 activity in DNA repair {#s3a}
-------------------------------------------------------------------------------------

We found a novel allele, *rad52-L264P*, which suppresses the requirement for Srs2 activity in DNA damage tolerance. A profusion of *RAD52* mutants displaying a separation of function has been studied, revealing the multifunctional nature of the protein. Some of them were affected in DSB repair activity but not in spontaneous recombination [@pgen.1003833-Mortensen2], [@pgen.1003833-Lettier1]. Others were differentially affected in the mediator and the ssDNA annealing activity of Rad52 [@pgen.1003833-Bai1]--[@pgen.1003833-Krejci2]. Some of these mutants, which were shown to affect Rad52 mediator activity, display a partial resistance to DNA damage [@pgen.1003833-BoundyMills1], [@pgen.1003833-Krejci2], but their viability is still reduced by several orders of magnitude. Lastly, some have been shown to alter the choice of the donor template during spontaneous HR [@pgen.1003833-deMayolo1]. *rad52-L264P* contrasts with all these mutations because it does not confer any of the *rad52*Δ null mutation-associated phenotypes (defect in vegetative growth, increased spontaneous mutagenesis, very high MMS and γ-ray sensitivities, large decrease in DSB repair by SSA and gene conversion). In addition, it is not a hypomorphic allele since it is co-dominant when it is combined with the WT allele.

Several alleles of *RAD52* that partially suppressed the sensitivity of *srs2*Δ cells to DNA damage have been previously described [@pgen.1003833-Milne1]. They were all highly defective in DNA repair and HR, but not as much as the null allele. The viability of cells carrying these alleles is reduced 10- to 20-fold at low doses of MMS, and HR is reduced 10-fold. They were all dominant-negative and, unlike what we observed for *rad52-L264P*, they have to be combined with the WT allele or overexpressed to suppress only partially the MMS or UV sensitivities of *srs2*Δ mutants. In addition, none of these *RAD52* mutants suppressed both phenotypes, while this is the case for *rad52-L264P*. It was proposed that these *rad52* alleles are able to rescue *srs2*Δ mutants partially by reducing HR efficiency. Some of these mutations code for C-terminal truncations unable to bind Rad51. Therefore, they could bind ssDNA without forming Rad51 filaments. Others were N-terminal truncations, probably impaired in DNA binding, which suggests that their overexpression resulted in depletion of the protomer pool of Rad51. It has been proposed that both kinds of mutations result in a large decrease in Rad51 filament formation, resulting in a limited suppression of *srs2*Δ MMS or UV sensitivities. However, *rad52-L264P* suppresses many defects of *srs2*Δ haploid cells without displaying any *rad52*Δ phenotype. Thus, in contrast with previously described alleles, *rad52-L264P* allows an extensive genetic and molecular investigation of the toxic recombination intermediates formed by Rad52 and eliminated by Srs2 in WT cells.

*rad52-L264P* specifically bypasses the role of Srs2 in the removal of toxic Rad51 filaments {#s3b}
--------------------------------------------------------------------------------------------

We found that *rad52-L264P* cannot overcome the function of Srs2 in the resolution of postsynaptic recombination intermediates, but only those associated with the removal of presynaptic Rad51 filaments. It was reported previously that the Srs2 anti-recombination function in removing toxic Rad51 filaments is genetically separable from its role in promoting the resolution of postsynaptic recombination intermediates, which depends exclusively on Srs2 Cdk1-dependent phosphorylation [@pgen.1003833-Saponaro1]. Our results are in agreement with this finding. *rad52-L264P* does not suppress the increased sensitivity to UV and γ-ray irradiation of *srs2*Δ/*srs2*Δ diploid cells. It is also unable to suppress the strong lethality associated with ectopic HR in *srs2*Δ cells. Additionally, it cannot suppress the high rate of CO found in these cells. We propose that these defects are related to the resolution of HR intermediates between homologous or ectopic chromosomes that absolutely requires the helicase activity of Srs2 ([Figure 10A](#pgen-1003833-g010){ref-type="fig"}). Additionally, our results support the recent finding that the post-synaptic role of Srs2 is to dismantle HJs through its helicase activity [@pgen.1003833-Mitchel1] rather than by displacing Rad51. However, *rad52-L264P* perfectly rescues the lethality associated with DSB repair by SSA between distant repeats. In this assay, a Rad51-dependent strand invasion step is not involved in repair [@pgen.1003833-Vaze1]. Therefore, Srs2 is required to remove Rad51 filaments forming on ssDNA around the initial DSB to allow proper repair. By extension, our findings suggest that Rad51 filaments are also responsible for *srs2*Δ defects after γ-ray and UV irradiation and in cells bearing mutations in genes that impair replication or recombination ([Figure 10A](#pgen-1003833-g010){ref-type="fig"}).

![Rad52 sumoylation prevents the toxicity of unproductive Rad51 filaments.\
(A) Schematic representation of the two kinds of toxic recombination intermediates eliminated by Srs2 in WT cells. We found that *srs2*Δ haploid cells sensitivity to DNA damage is related to recombination-deficient Rad51 nucleoprotein filaments. The toxicity of such filaments disappears in *rad52-L264P* srs2Δ cells, or alternatively, the intermediates themselves are not formed. However, *srs2*Δ cells sensitivity to DNA damage related with toxic intertwined HR intermediates cannot be suppressed by this allele. Unproductive Rad51 filaments can be formed after resection of a DSB located in a unique sequence in the genome. In a situation where homologous dsDNA cannot be found by the recombinase, Srs2 is essential to remove Rad51 filaments to allow alternative repair pathways such as SSA. Srs2 could also edit Rad51 filaments improperly nucleated by Rad52. In *srs2*Δ cells, nonrecombinogenic Rad51 filaments could also accumulate on ssDNAs generated from the uncoupling between the helicase complex opening replicative dsDNA and the DNA synthesis machinery in replicative mutants such as *mrc1*Δ. Finally, when a stable paranemic joint cannot be processed from a plectonemic joint because of mutations in genes involved in late recombination steps, Srs2 is necessary to address lesions to other DNA repair pathways. Intertwined recombination intermediates that occur between homologous chromosomes in diploid cells or between ectopic chromosomes in haploid cells cannot be suppressed by *rad52-L264P*. (B) Unproductive Rad51 filaments mediated by Rad52-SUMO are not toxic even in *srs2*Δ cells. When mediated by Rad52, Rad51 filaments that cannot complete strand invasion have to be removed by Srs2 in order to allow SSA or post-replication repair processes (PRR). Conversely, Rad52-SUMO (or Rad52-L264P) might lower (or shorten) Rad51 filaments. These modified mediators might also change Rad51 filament properties as indicated by Rad52 occupancy on Rad51 filaments. These changes might suppress Rad51 filaments toxicity, thereby bypassing the need for Srs2. Rad51 filaments might be removed by a Srs2-independent process.](pgen.1003833.g010){#pgen-1003833-g010}

The nature of toxic Rad51 filaments eliminated by Srs2 {#s3c}
------------------------------------------------------

In all the situations where the requirement for Srs2 can be bypassed by *rad52-L264P*, we propose that the formation of extensive ssDNA may potentially lead to the establishment of Rad51 filaments that cannot recombine ([Figure 10A](#pgen-1003833-g010){ref-type="fig"}). These "unproductive" filaments would be a signal to trigger Srs2 translocase activity in WT cells. In the SSA assay, ChIP experiments showed that Srs2 is more active in removing Rad51 at 7.6 kb than at 0.6 kb from the DSB site, thus indicating how Srs2 might interfere with such unproductive filaments in WT cells. Indeed, Srs2 job might be to remove extended rather than short Rad51 filaments located near the 3′-end of the ssDNA tail. The length of 5′-ssDNA resection is in part related to strand invasion. Indeed, it is well documented that the formation of a DSB in a unique sequence results in extended resection [@pgen.1003833-Lee1]. Therefore, the formation of extended Rad51 filaments, which is a potential mark of strand invasion failure, would trigger Srs2 activity. The formation of filaments near the ssDNA end might be strictly controlled, while the lower recruitment of Rad52 at more distant sites might affect the quality of the filaments, triggering Srs2 activity. This would allow DSB repair by SSA to occur when HR is inefficient. In *srs2*Δ cells, the persistence of extended, toxic Rad51 filaments would lead to DSB repair towards a dead-end.

Likewise, synthetic lethality of *srs2*Δ with replication mutants, like *mrc1*Δ, would be related to unproductive Rad51 filament formation. In *mrc1*Δ cells, uncoupling between DNA synthesis and DNA unwinding by the MCM helicases [@pgen.1003833-Katou1] leads to the formation of complementary ssDNAs on each newly replicated sister chromatid. In the absence of Srs2, Rad51 filaments formed on these ssDNAs would not be productive because of the lack of a dsDNA template on each sister chromatid. Such filaments could impede replication fork restart. Considering that Srs2 is more active on Rad51 filaments not associated with a 3′-end, we suggest that Srs2 might specifically recognize and eliminate Rad51 filaments formed on parental ssDNA at the replication fork because they are not associated with such an end.

The precise nature of toxic recombination intermediates in *rad50*Δ, *rad54*Δ or *sgs1*Δ has yet to be clarified. Rad50 has an essential role in sister-chromatid recombination (reviewed in [@pgen.1003833-Symington2]) and Rad54 is necessary to initiate DNA synthesis after the formation of the D-loop [@pgen.1003833-Li1], to extend this structure [@pgen.1003833-Rossi1] and to remove the dsDNA template nucleosomes [@pgen.1003833-Sinha1]. Sgs1 is probably involved in both replication and recombination mechanisms. Sgs1 could help replication progression and could prevent the formation of ssDNA on which Rad51 filaments could nucleate in *srs2*Δ cells [@pgen.1003833-Fabre1]. Furthermore, several lines of evidence suggest that Sgs1 is also involved in the dissolution of dHJ [@pgen.1003833-Cejka1], [@pgen.1003833-Mankouri1] and it was proposed that in *sgs1*Δ cells Srs2 could prevent the formation of these structures [@pgen.1003833-Fabre1]. Therefore, in all these backgrounds, toxic recombination intermediates accumulating in the absence of Srs2 could be presynaptic Rad51 filaments or unprocessed postsynaptic recombination intermediates. However, since *rad52-L264P* can suppress *rad50*Δ, *rad54*Δ and *sgs1*Δ synthetic growth defect or lethality with *srs2*Δ, it seems more relevant that these negative interactions are the consequence of the accumulation of ineffective Rad51 filaments.

Finally, γ-ray and UV irradiation would sensitize *srs2*Δ cells because of the formation of unproductive Rad51 filaments on extensive ssDNA. These would accumulate because of DNA damage-induced fork stalling or unfulfilled DNA repair.

In contrast, *rad52-L264P* cannot suppress the increased sensitivity to UV and γ-ray irradiation of *srs2*Δ/*srs2*Δ diploid cells compared with *srs2*Δ haploids. Nor can it suppress the inability to repair a DSB by ectopic recombination nor the high level of CO associated with gene conversion of *srs2*Δ haploid cells. We propose that these defects are related to the resolution of HR intermediates between homologous or ectopic chromosomes which absolutely requires the helicase activity of Srs2 ([Figure 10A](#pgen-1003833-g010){ref-type="fig"}).

How does Rad52-L264P bypass Srs2? {#s3d}
---------------------------------

*In vitro* experiments showed that Rad52-L264P mediator and strand exchange activities are stronger than those of WT Rad52. This intriguing gain of function of Rad52-L264P is not correlated with any modification of its binding to RPA or Rad51 *in vivo*. Thus, further biochemical analyses of Rad52-L264P are required to provide valuable insights on the mechanism by which Rad52 mediates Rad51 filament formation. *In vivo*, other Rad51 filament mediators, which might act with Rad52 as a complex, could be affected by the *rad52-L264P* mutation. This would explain the reduction in Rad51 binding associated with increased RPA recruitment, measured by ChIP, in *rad52-L264P* cells, while, *in vitro*, Rad52-L264P is a better mediator than the WT protein. The evidence that Rad52-L264P restricts the formation of (or shortens) Rad51 filaments without affecting HR efficiency could explain how this mutation can bypass Srs2, not only in SSA, but also after irradiation or in mutants that are synthetically lethal with *srs2*Δ.

Alternatively, Rad52-L264P could change substantially the properties of Rad51 filaments. Western blot analysis and EM images of Rad51 filaments nucleated *in vitro* show that Rad52 remains associated with complete Rad51 filaments. This association is weak because Rad52 is released by the addition of only 60 mM NaCl, but it could be stabilized *in vivo* by chaperone proteins. The presence of Rad52 within the Rad51 filament might have consequences on homology search and strand invasion. Indeed, Rad52-L264P association with Rad51 filaments is increased in comparison to WT Rad52, a result that can be correlated with the more efficient strand exchange activity observed with the mutant protein. Rad52-L264P might also affect Rad51 filament properties in a way that would suppress their potential toxicity in *srs2*Δ cells. For example, such filaments would not prevent the restart of stalled replication forks, thereby bypassing the need for Srs2.

Sumoylation affects Rad52 in the same way as the *rad52-L264P* mutation {#s3e}
-----------------------------------------------------------------------

We also found that Rad52-SUMO fusion protein and Rad52-L264P show a similar ability to avoid or restrict the formation of toxic Rad51 filaments. It was previously reported that Rad52 is sumoylated simultaneously with RPA and Rad59 following treatment with a high dose of MMS [@pgen.1003833-Psakhye1]. This sumoylation wave might stabilize complexes engaged on their substrates rather than to promote specificity. However, recent work showed that Cdc48 interacts with sumoylated Rad52 and consequently dissociates it from DNA [@pgen.1003833-Bergink1]. This interaction might be part of another Rad51 filament formation regulation process, acting in parallel with Srs2 activity. Here, we demonstrate that increasing the pool of sumoylated Rad52 suppresses *srs2*Δ deficiencies in haploid cells. We thus propose that Rad52 sumoylation might modulate its mediator activity and/or change the properties of the formed Rad51 filaments, maybe through Cdc48 activity, in the same way as Rad52-L264P ([Figure 10B](#pgen-1003833-g010){ref-type="fig"}).

It seems likely that sumoylation of Rad52 is a conserved process because mono- and disumoylation of human Rad52 were also observed in HEK293T cells [@pgen.1003833-Sacher1]. It would be interesting to know if this modification induces changes in Rad51 filament properties in mammals as it does in yeast. In this case, it might be important to explore the genetic interactions between Rad52 sumoylation and the newly characterized anti-recombinase PARI [@pgen.1003833-Moldovan1], which could be the mammalian Srs2 ortholog. Lastly, it is tempting to compare the potential differences between Rad52 un-sumoylated and sumoylated proteins in yeast and those of Rad52 and BRCA2 in metazoans. Recently, it was shown in human cells that these two proteins co-exist as mediators of the Rad51 filaments [@pgen.1003833-Feng1]. Even if the roles of Rad52 in recombination in yeast and metazoans are certainly different, it is possible that in both cases different Rad51 filaments are nucleated.

Materials and Methods {#s4}
=====================

Plasmids {#s4a}
--------

For integration into the yeast genome, the *rad52-L264P* allele was cloned into the Yiplac211 integrative plasmid. *rad52-L264P* was PCR amplified from genomic DNA with primers containing restriction sites suitable for cloning. The digested PCR product was ligated into the *Eco*RI and *Hind*III sites of Yiplac211 to give YipLac211-*rad52-L264P*. YipLac211-*rad52L264A* was made by directed mutagenesis from YipLac211-*rad52-L264P* (Phusion Site-Directed Mutagenesis kit, Finnzymes) with primers changing the CCC codon coding for P264 to a GCC codon coding for A264. The *rad52-L264P* mutation was introduced in the same way into pYI211::Kan-*rad52-K10,11,220R* (D2535, provided by S. Jentsch) with primers changing the CTC codon coding for L264 to a CCC codon coding for P264. Yep181-CUP-His~7~-Smt3 [@pgen.1003833-Ulrich1] was used to overexpress His~7~-Smt3 in cells in order to immunoprecipitate SUMO-conjugated proteins. To create a fusion between *RAD52* and *SMT3*, the *SMT3* ORF was fused to the 3′ intergenic sequences of *RAD52* in a vector bearing the *NATMX* cassette coding for the resistance to clo-NAT (pAG25, [@pgen.1003833-Goldstein1]). First, the *SMT3* ORF was PCR amplified from FF18733 genomic DNA with primers suitable for cloning. The last three amino acids and the two glycines required for conjugation [@pgen.1003833-Johnson1] were removed to avoid subsequent interaction of SUMO with other proteins. The natural *SMT3* stop codon was conserved. The PCR product was ligated into the *Hind*III and *Bam*HI sites of pAG25 resulting in pAG25-*SMT3*. This construct created a *Nhe*I restriction site just 5 bp before the *Bam*HI sites. The *RAD52* 3′ intergenic sequence was then ligated into the *Nhe*I and *Bam*HI sites of this plasmid, generating pEC54. p*SIZ2* is a subclone of a plasmid suppressing the MMS sensitivity of *srs2*Δ cells isolated from an overexpression library built for this study.

Yeast strains {#s4b}
-------------

Strains used in this study are listed in [Table S2](#pgen.1003833.s010){ref-type="supplementary-material"}. Experiments were mostly conducted in the FF18733 background. Diploid cells used in survival and recombination assays were the result of crosses between two different cell backgrounds: FF18733 and FF18985 in order to monitor HR between the *his7-1* and *his7-2* alleles. All the deletion mutants were constructed by the one-step gene disruption method [@pgen.1003833-Ito1]. Multiple mutant strains were derived from meiotic segregants from FF18733 or FF18985 isogenic diploids. Mutations *rad52-L264P* and *rad52-L264A* were introduced into yeast cells with the pop-in pop-out technique using the integrative plasmids Yiplac211-*rad52-L264P* and Yiplac211-*rad52-L264A*. The non-sumoylable *rad52-3KR* and *rad52-3KR*-*L264P* alleles were targeted at the *URA3* locus by transformation of the integrative plasmids pYI211::Kan-*rad52-K10,11,220R* (D2535 [@pgen.1003833-Sacher1]) and pYI211::Kan-*rad52-K10,11,220R-L264P*. The *SMT3* gene, coding for the SUMO radical, was fused *in vivo* to the 3′ end of the *RAD52* gene. The insert of pEC54, containing the *SMT3* ORF and a *NATMX* resistance cassette, was PCR amplified with primers designed to introduce *SMT3* in phase with *RAD52*, without affecting the intergenic sequences surrounding *RAD52*. Transformants were selected on clo-NAT containing medium and checked by colony PCR. The production of the fusion protein was checked on western blot ([Figure S8](#pgen.1003833.s008){ref-type="supplementary-material"}). The strain bearing the Rad59-9xMYC fusion protein was made using the method described in [@pgen.1003833-Longtine1] in the FF18733 background. The Rad52-FLAG strains were constructed as previously described in the same background [@pgen.1003833-DeAntoni1].

Sequence alignment {#s4c}
------------------

Homologous sequences of *S. cerevisiae* Rad52 were retrieved using PSI-Blast searches against the nr database [@pgen.1003833-Altschul1], [@pgen.1003833-Schaffer1]. A multiple sequence alignment of the full-length sequences of these homologs was obtained using Muscle software [@pgen.1003833-Edgar1]. However, within the C-terminal disordered tail the algorithm did not satisfactorily align the small linear motifs surrounding L264 and the alignment had to be manually refined. Propensities to adopt secondary structures were estimated using PsiPred restricting the alignments to subsets of species such as those from the Hemiascomycetes group [@pgen.1003833-Jones1]. The final alignment was represented using Jalview [@pgen.1003833-Waterhouse1].

Irradiation and induced recombination {#s4d}
-------------------------------------

UV irradiation was performed using a 264 nm source delivering 1 J/m^2^/s. γ-ray irradiation was performed using a ^137^Cs source at a dose of 50 Gy/min. Cells growing exponentially were plated at appropriate dilutions on rich medium (YPD) and synthetic plates. Survival was determined as the number of cell-forming colonies on YPD at a given dose divided by the number of non-irradiated colonies. We determined HR frequencies by dividing the number of recombinant colonies growing on selective medium by the number of unselected colonies subjected to the same dose of irradiation. The values obtained after irradiation were corrected by subtracting the number of spontaneous recombinants present on the non-irradiated plates.

Measurement of spontaneous mutation rates {#s4e}
-----------------------------------------

Spontaneous formation of canavanine-resistant colonies was quantified by a fluctuation test based on a minimum of 27 independent cultures of each strain, initiated from approximately 200 cells and grown to saturation [@pgen.1003833-Foster1].

Survival following DSB formation {#s4f}
--------------------------------

Cells were grown overnight in liquid culture containing lactate before plating. Survival following HO-induced DSB was measured as the number of cells growing on galactose-containing medium divided by the number of colonies growing on YPD. The results shown are the average of at least 3 independent experiments.

Physical analysis of HO-induced SSA and ectopic gene conversion {#s4g}
---------------------------------------------------------------

Cells were grown in YPD until late exponential phase. Cells were then used to inoculate 400 ml of YPLactate. Cultures were grown to a concentration of 5 to 10×10^6^ cells/ml. A 50 ml sample was removed for the 0 hour time-point and then galactose was added to a final concentration of 2%. Incubation was continued and 50 ml samples were removed at given times. Cells were harvested by centrifugation and washed with water. Cell pellets were then frozen at −20°C. DNA was extracted from the thawed cell pellets and digested accordingly. DNA fragments were separated by electrophoresis on 0.8% agarose gels, transferred to nylon membranes and hybridized with a suitable radioactive probe (Ready-prime II, GE Health Care). Blots were analyzed by using a Typhoon 9600 phosphorimager (GE Health Care) and quantified with ImageQuant Software. The amount of product in the ectopic gene conversion system was measured at 10 hours to avoid the over-estimation of *srs2*Δ cells that had completed repair. The checkpoint is turned off after the completion of repair in this system and cells resume growth. This repeatedly distorts the quantification at 24 hours. However, in the SSA system, we quantified the amount of repair at 24 hours because the reaction was far from complete at 10 hours (the first products appear at 6 hours) and the persistence of the checkpoint impedes *srs2*Δ cell growth.

Measurement of CO rate in the *arg4* ectopic recombination system {#s4h}
-----------------------------------------------------------------

We used the system described in [@pgen.1003833-Robert1]. However, we used a colony-PCR assay to detect the CO among *ARG4* recombinant colonies (Escartin F, De Cian A, Coïc E, Gilquin B, Le Cam E, Veaute X, unpublished data). Briefly, we used primers allowing the discrimination of the parental configurations of the *arg4* locus on chromosome VIII from the reciprocal translocation produced by the CO associated with gene conversion.

Western blot analysis of Rad53 phosphorylation {#s4i}
----------------------------------------------

Cells were harvested during the time-course experiments previously described for the physical analysis of HO-induced SSA and ectopic gene conversion. Protein extracts were prepared by trichloroacetic acid precipitation. Proteins were separated on 10% SDS-PAGE with an acrylamide/bisacrylamide ratio of 30∶0.4, for 2 hours at 150 V and transferred to nitrocellulose membrane. Membrane was incubated overnight with a goat polyclonal antibody raised against the C terminus sequence of Rad53 (Santa Cruz Biotechnology, yC-19) at a 1/1300 dilution in PBS, 0.1% Tween, 5% milk (w/v); then incubated for 1 hour with secondary horseradish peroxidase-conjugated anti-goat antibody (Santa Cruz Biotechnology, Sc-2020) at a 1/5000 dilution in the same buffer. The blot was revealed by chemiluminescence (ECL Plus, GE Healthcare).

ChIP experiments and quantitative PCR analyses {#s4j}
----------------------------------------------

Samples were collected during the same time-course experiment performed to monitor the physical analysis of HO-induced SSA (see below). ChIP was carried out as previously described with minor modifications [@pgen.1003833-Sugawara2]. Samples were incubated with 2 µg of rabbit anti-RPA polyclonal antibody (a gift from V. Géli), of mouse anti-FLAG monoclonal antibody (Sigma) or of rabbit anti-Rad51 polyclonal antibody (Santa Cruz Biotechnology). 50 µl of Magnetic Dynabeads Protein A (Invitrogen) was added to each sample when treated with rabbit antibodies and 50 µl of Magnetic Dynabeads Pan mouse otherwise. After washes, elution of the proteins and reversal of crosslink, samples were treated with proteinase K followed by purification of the DNA with QIAquick PCR purification kit (Qiagen). Quantitative PCR reactions of 180 bp fragments at 0.6 kb or 7.6 kb proximal to the DSB site and at the *ARG5,6* locus were performed using Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) on an Eppendorf Realplex system.

Co-immunoprecipitation {#s4k}
----------------------

Yeast cells were grown in YPD medium to a concentration of 2.5×10^6^ cells/ml. Cells were harvested and washed twice with PBS. Extracts were prepared as previously described [@pgen.1003833-StrahlBolsinger1] without DNAse treatment. The whole cell extract (1 mg) was incubated for 1 hour at 4°C, either with a rabbit anti-Rad52 polyclonal antibody (a gift from S. Jentsch\'s lab), or with 1 µg of a rabbit anti-Rad51 polyclonal antibody (Santa Cruz Biotechnology). Then, 50 µl of Dynabeads coupled to Protein A (Invitrogen) was added, and the incubation was continued for another hour. The immunoprecipitates were washed twice with 1 ml of lysis buffer and resuspended in 30 µl of Laemmli buffer. The eluted proteins were analyzed by western blot. Proteins were separated on 10% SDS-PAGE and transferred to Hybond-C super membrane (Amersham Biosciences). Proteins were detected with rabbit anti-Rad52 polyclonal antibody (1/2000), rabbit anti-RPA polyclonal antibody (a gift from V. Géli, 1/2500), mouse anti-MYC monoclonal antibody (Sigma, 1/1000), mouse anti-FLAG monoclonal antibody (Sigma, 1/10000) and rabbit anti-Rad51 polyclonal antibody (1/2000). Blots were then incubated with a secondary antibody: horseradish peroxidase-conjugated goat anti-mouse antibody or horseradish-peroxidase-conjugated goat anti-rabbit antibody (GE Healthcare 1/10000). Protein-antibody complexes were visualized by enhanced chemiluminescence using the GE Healthcare ECL Plus system.

Protein purification {#s4l}
--------------------

RPA was purified from the protease-deficient yeast stain BJ5496 (*ura3-52*, *trp1*, *leu2Δ1*, *his3Δ200*, *pep4::HIS3*, *prbΔ1.6R*, *can1*). Cells were transformed with three plasmids containing the *RFA1*, *RFA2*, or *RFA3* ORF under the control of a GAL promoter (a gift from R. Kolodner). The RPA heterotrimer was purified as described [@pgen.1003833-Kantake1]. Rad51 was overexpressed in *E. coli* BL21 (DE3) pLysS cells transformed with the pEZ5139 plasmid (provided by S. Kowalczykowski) and then purified as described previously [@pgen.1003833-Zaitseva1]. Rad52 and Rad52-L264P were purified from BRL (DE3) pLysS cells transformed with the pET15b-Rad52 or pET15b-Rad52-L264P plasmid. Cells were grown in 8-liters of LB broth containing 100 µg/ml ampicillin at 37°C until A~600~ = 0.8. Protein expression was induced by addition of 0.1 mM IPTG followed by incubation at 30°C for 3 h. Cell lysis was carried out in 50 mM MES (pH 6.5), 450 mM NaCl, 1 mM DTT, 1 mM EDTA, 10% glycerol, 1 mM AEBSF, 10 mM Benzamidine and 2 mM Pepstatin by sonication. Proteins were purified as described previously [@pgen.1003833-New1] until the hydroxyapatite column step. Fractions containing Rad52 or Rad52-L264P were pooled and precipitated with 0.45 g/ml ammonium sulfate. Pellets were suspended in 20 mM Tris HCl pH 7.5, 1 M NaCl, 1 mM DTT, 1 mM EDTA and 10% glycerol and then loaded onto Superdex 200 columns (24 ml). Peak fractions were diluted 20 times to obtain a final concentration of 50 mM NaCl and then loaded onto Resource S columns (1 ml). Fractions containing purified Rad52 or Rad52-L264P were pooled, diluted to a final concentration of 200 mM NaCl and finally concentrated using Amicon Ultra 3000 ultrafiltration devices (Millipore). Rad52 and Rad52-L264P concentrations were determined using an extinction coefficient of 2.43×10^4^ at 280 nm.

Electrophoretic mobility shift assay {#s4m}
------------------------------------

Increasing amounts of Rad52 or Rad52-L264P ([Figure 7B](#pgen-1003833-g007){ref-type="fig"}) were incubated with 0.27 µM 5′ end-Cy5-labeled XV2 oligonucleotide (5′-TGG GTG AAC CTG CAG GTG GGC AAA GAT GTC CTA GCA ATG TAA TCG TCA AGC TTT ATG CCG TT-3′) in buffer E (10 mM Tris-HCl pH 8, 5 mM MgCl~2~, 100 mM NaCl) at 37°C for 10 min. Complexes were separated on 8% native polyacrylamide gels.

DNA annealing {#s4n}
-------------

Primary DNA annealing reactions ([Figure 7C](#pgen-1003833-g007){ref-type="fig"}) were carried out using the same Cy5-labeled XV2 oligonucleotide as for the electrophoretic mobility shift assay and a reverse-complement oligonucleotide (XV98). Each primer (340 nM nucleotides) was resuspended in buffer E and then mixed (time 0). The annealing reaction was started by adding different concentrations of Rad52 or Rad52-L264P (final volume: 50 µl) and incubation at 25°C. An aliquot of 9 µl was collected every two minutes, transferred into 6 µl of stop buffer (20 µM unlabeled XV2, 0.5% SDS, 0.5 mg/ml Proteinase K) and incubated at 25°C for another 5 min. The effect of RPA and Rad51 on the reaction ([Figure 7D](#pgen-1003833-g007){ref-type="fig"} and [S4](#pgen.1003833.s004){ref-type="supplementary-material"}) was investigated at 30°C with primers 25 and 26 and the buffers previously described in [@pgen.1003833-Wu1]. RPA or Rad51 (or only storage buffer for control reactions) were incubated with the individual primers for 5 min before mixing the nucleoprotein complexes to start the reaction. All samples were separated on 8% native TBE polyacrylamide gels. Fluorescent signals were revealed with a Typhoon 9400 scanner and quantified with ImageQuant (Molecular Dynamics).

DNA strand exchange reaction {#s4o}
----------------------------

33 µM (nucleotides) viral (+) strand of φX174 DNA were coated first with 1.1 µM RPA by incubation in SEB buffer (42 mM MOPS pH 7.2, 3 mM Mg acetate, 1 mM DTT, 20 mM NaCl, 25 µg/ml BSA and 2.5 mM ATP) in a final volume of 12.5 µl at 37°C for 5 min. Rad51 filament formation was initiated by adding 5.5 µM Rad51 and different amounts of Rad52 or Rad52-L264P ([Figure 7D](#pgen-1003833-g007){ref-type="fig"}), or storage buffers as controls. Reactions were incubated at 37°C for 15 min. The addition of 33 µM (nucleotides) of PstI-linearized φX174 dsDNA and 4 mM spermidine initiated the strand exchange reaction. After incubation at 37°C for 90 min, samples were deproteinized by addition of 2 µl of 10 mg/ml Proteinase K, 5% SDS solution at 37°C for 10 min and analyzed by electrophoresis (0.8% agarose gels in 1× TAE buffer). Gels were stained with ethidium bromide and protein bands quantified with ImageQuant (Molecular Dynamics).

Purification of the 400 nt-long Cy5-labeled ssDNA fragment used for the salt titration analysis {#s4p}
-----------------------------------------------------------------------------------------------

A 5′-biotinylated 400 bp dsDNA fragment was prepared by PCR using the pBR322 plasmid as template. PCR products were loaded onto HiTrap Streptavidin HP columns (GE Healthcare). The non-biotinylated Cy5-labeled strand was purified by elution with 60 mM NaOH.

Salt titration of protein-DNA complexes {#s4q}
---------------------------------------

Salt titration of protein-DNA complex formation was performed by first incubating 82.5 nM RPA (1/30 nt) with 2.5 µM ssDNA (5′ end-Cy5-labeled 400 nt-long fragment) in SEB buffer in a final volume reaction of 10 µl at 37°C for 5 min. Increasing concentrations of NaCl were added ([Figure 7E](#pgen-1003833-g007){ref-type="fig"}), followed by addition of 0.83 µM Rad51 (1/3 nt) and 90.5 nM Rad52 or Rad52-L264P (1/27 nt). After 15 min incubation at 37°C, reactions were stopped with 0.25% glutaraldehyde. 4 µl of 40% sucrose was added to facilitate loading on agarose gel. Nucleoprotein electrophoresis was carried out using 0.5% agarose gels in 1X TAE buffer for 1.5 hours at 150 mA. Fluorescent signals were revealed with a Typhoon 9400 scanners and quantified with ImageQuant (Molecular Dynamics). Western blot analysis was performed after washing the gels twice with transfer buffer (25 mM Tris-HCl, 0.2 M glycine, 0.015% SDS) for 20 min. Proteins were then transferred to PVDF membranes with a semi-dried blotter (Biorad) at 0.8 mA/cm^2^ for 1.25 hours. Membranes were saturated with PBS, 0.1% Tween, 5% milk for 1 hour. Hybridizations with anti-Rad51, anti-Rad52 or anti-RPA antibodies were performed as described for co-immunoprecipitation experiments. Salt titrations of the protein-DNA complex stability were performed as above, but by first incubating proteins and ssDNA in the presence of 60 mM NaCl at 37°C for 15 min to allow the formation of protein-DNA complexes. Additional NaCl was then added to the indicated final concentrations ([Figure S5](#pgen.1003833.s005){ref-type="supplementary-material"}) and the protein-DNA complexes were incubated at 37°C for another 30 min. Reactions were fixed with 0.25% glutaraldehyde. Nucleoprotein gel electrophoresis and western blot analysis were performed as before.

Electron microscopy analysis {#s4r}
----------------------------

For transmission electron microscopy studies, a fraction of the complex formation reactions was handled as previously described [@pgen.1003833-Dupaigne1]. Positive staining images were taken in order to monitor filament dynamics and formation, whereas negative staining images were taken to obtain structural information on the position of Rad52 (along or at the end of the filaments).

Western blot analysis of Rad52 sumoylation {#s4s}
------------------------------------------

Rad52 sumoylation was induced in exponential phase (5×10^6^ cells/ml) by the addition of 0.3% of MMS for 3 hours at 30°C. Rad52 proteins were detected by western blotting as described [@pgen.1003833-Sacher1] using a rabbit anti-Rad52 polyclonal antibody at 1/2000 dilution (from S. Jentsch\'s lab).

Ni-NTA pull-down of sumoylated Rad52 {#s4t}
------------------------------------

Rad52-FLAG cells over-expressing *His~7~-SMT3* were collected in exponential phase (2.5×10^6^ cells/ml). Lysates and Ni-NTA pull-Down of sumoylated proteins were carried out according to [@pgen.1003833-Ulrich1]. Rad52-FLAG was detected with a mouse anti-FLAG monoclonal antibody at 1/10000 dilution (Sigma) on western blots.

Cycloheximide expression shut-off experiment {#s4u}
--------------------------------------------

Strains were grown to 2.5×10^6^ cells/ml. Expression was shut-off by addition of cycloheximide to a final concentration of 50 µg/ml. For each time-point, 2 ml samples of yeast cells were harvested and protein extracts were prepared [@pgen.1003833-Belle1]. Rad52-FLAG was detected on western blots with a mouse anti-FLAG monoclonal antibody at 1/10000 dilution (Sigma).

Supporting Information {#s5}
======================

###### 

*rad52-L264P* does not affect cell growth or mutagenesis. (A) Growth of haploid strains on rich medium (YPD) incubated at indicated temperatures. (B) Quantification of spontaneous mutagenesis by measurement of the forward mutation rate in the *CAN1* locus. The results shown are the average of at least 3 independent experiments.

(EPS)

###### 

Click here for additional data file.

###### 

Rad52-L264P interacts with Rad59. Rad52 or Rad52-L264P were immunoprecipitated with a rabbit anti-Rad52 polyclonal antibody from 1 mg of whole cell extracts (without DNase treatment) prepared from *RAD52*, *rad52-L264P* or *rad52*Δ strains that express Rad59-MYC. Proteins from input (50 µg of whole extracts) and from the immunoprecipitated fractions were separated by SDS-PAGE electrophoresis and immunoblotted with a rabbit anti-Rad52 polyclonal antibody or a mouse anti-MYC monoclonal antibody.

(EPS)

###### 

Click here for additional data file.

###### 

Western blot analysis of RPA, Rad52-FLAG and Rad51 protein levels after HO induction in the SSA system. The HO endonuclease was induced in WT cells that express Rad52-FLAG to create a single DSB that can be repaired by SSA. Samples were taken before induction and at 1, 2, 4, 6 and 8 hours after galactose addition. Proteins were extracted by trichloroacetic acid precipitation. 20 µg of proteins were separated by SDS-PAGE and transferred to nitrocellulose membranes. Hybridization with anti-RPA, anti-FLAG and anti-Rad51 antibodies was performed as described in [Materials and Methods](#s4){ref-type="sec"}. Dps1 (loading control) was detected with an anti-Dps1 antibody (1/30000 dilution; a gift from S. Marcand). HO cut triggers a 5-fold increase of Rad51 protein level (6 hours after galactose addition), whereas RPA (only Rfa1 is shown) and Rad52 protein levels are unchanged.

(EPS)

###### 

Click here for additional data file.

###### 

Rad52 and Rad52-L264P annealing activities are similarly inhibited by RPA and Rad51. Reactions were conducted with primers 25 and 26 at 30°C (200 nM each, see Material and Methods) and are illustrated schematically at the top of the panels. The left panel shows a representative gel of DNA annealing reactions and the right panel the quantification of the results. The reactions contained 134 nM Rad51 with or without 30 nM RPA (blue dotted curve), 40 nM Rad52 or Rad52-L264P alone (red for the mutant protein and black solid curve for WT). Red or black dotted curves represent WT or mutant Rad52 with Rad51 and/or RPA. The results are the average of at least three independent experiments and the error bars represent the standard deviation. (A) Rad51 nucleoproteic filament prevents Rad52 and Rad52-L264P annealing with similar efficiency. (B) Same as (A) but the two primers were coated with Rad51. (C) Free Rad51 inhibits equally Rad52 and Rad52-L264P annealing activity.

(EPS)

###### 

Click here for additional data file.

###### 

Salt titration of Rad51-Rad52/Rad52-L264P-ssDNA complex formation and stability. (A) Analysis of the different protein-ssDNA complexes formed. The nucleoprotein complexes were assembled as described in the Material and Methods section in the presence of 60 mM NaCl. RPA (82.5 nM) and Rad51 (0.83 µM) concentrations were chosen based on the strongest inhibitory effect of pre-bound RPA on Rad51 strand exchange activity [@pgen.1003833-Sung1] (line 2). Similarly, we tested different concentrations of Rad52 and found that the optimal stoichiometric ratio between Rad52 and ssDNA corresponded to 1 monomer of Rad52 to 27 nucleotides (90.5 nM) (line 12). This concentration was also found for optimal strand exchange [@pgen.1003833-Sung1]. The unique shifted band observed was absent from the controls (line 2--11). Western blot analysis using antibodies against Rad51 and RPA showed that this shift was related to the binding of Rad51 but not of RPA, confirming that the reaction is optimal in these conditions. Protein-ssDNA complexes were also analyzed by transmission electron microscopy (positive staining). The average numbers of complexes found (and standard deviations) in different controls as well as in the complete reaction with two different salt concentrations are shown in the Table below. 100 molecules were examined for each experiment. We found that Rad51 incubation with RPA-free ssDNA resulted in the formation of incomplete Rad51 filaments. Concomitant addition of Rad52 did not help the formation of complete Rad51 filaments, suggesting that RPA is necessary for complete Rad51 filament formation. However, Rad51 filament formation was clearly inhibited by pre-bound RPA on ssDNA because only 12.5% of Rad51 filaments were formed in the presence of RPA. However, they were all complete Rad51 filaments, indicating that RPA favors the completion of Rad51 filaments that were successfully initiated, possibly by eliminating secondary structures. The concomitant addition of Rad52 and Rad51 on RPA-ssDNA complexes resulted in the formation of 48% of complete Rad51 filaments. These filaments can be associated with Rad52 as observed by western blotting and electron microscopy. (B) Salt titration of the protein-DNA complex stability. Reactions were performed as above to allow the optimal formation of protein-DNA complexes. NaCl concentrations were subsequently increased and the protein-DNA complexes incubated for another 30 min at 37°C. The reactions were fixed with 0.25% glutaraldehyde. Nucleoprotein gel electrophoresis and western blot analysis were performed as described in the [Materials and Methods](#s4){ref-type="sec"} section. (C) Same as (B) except that the salt concentrations were chosen to investigate more precisely the stability of Rad52 on nucleoprotein filaments. All measurements were done in triplicate and the error bars represent the standard error.
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Click here for additional data file.

###### 

Western blot analysis of Rad52-SUMO from total cell extracts. Protein extracts from cells with the indicated genotype were loaded on a 4--12% Bis-Tris gel and immunoblotted with an anti-Rad52 polyclonal antibody. The asterisk denotes a cross-reactive protein. The proportion of sumoylated Rad52 relative to total Rad52 is shown. The specificity of the bands related to sumoylation was checked in *rad52*Δ and *rad52-3KR* strains. Note that the sumoylation of the Rad52-L264P protein induced by 0.3% MMS is reduced two-fold. This can be attributed to a modification of the interaction between the mutated protein and Siz2.
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Click here for additional data file.

###### 

Rad52-3KR sensitivity to proteasome degradation is not suppressed by the *rad52-L264P* mutation. Cycloheximide expression shut-off experiments were performed in a *srs2*Δ background to measure the stability of Rad52-FLAG, Rad52-L264P-FLAG, Rad52-3KR-FLAG and Rad52-L264P-3KR-FLAG proteins. For each time-point, the proteins from whole cell extracts (30 µg at time 0) were separated by SDS-PAGE and immunoblotted with mouse anti-FLAG monoclonal antibody (1/10000). The average of quantification of 3 experiments is shown.
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Click here for additional data file.

###### 

Western blot analysis of the protein encoded by the fusion between the *RAD52* and *SMT3* genes. Protein extracts were immunoblotted with a rabbit anti-Rad52 polyclonal antibody (1/2000). Protein extracts from MMS-induced WT and *RAD52* deleted cells are shown as controls.
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Click here for additional data file.

###### 

Doubling time of cells bearing mutations synthetically lethal with *srs2*Δ in the *srs2*Δ *rad52-L264P* background.
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###### 

Yeast strains used in this study. Strains are grouped according to their background, indicated on the first line of each group. Only differences from this genotype are noted subsequently.

(DOCX)
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Click here for additional data file.
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